We have performed an analysis of the influence of the probe tip geometry in scanning capacitance microscopy and spectroscopy measurements on an Al x Ga 1Ϫx N/GaN heterostructure field-effect transistor ͑HFET͒ structure. The extremely small probe tip size ͑typical apex radius ϳ10-30 nm͒ makes a detailed analysis essential in comparisons of dC/dV spectra with standard, large-area C/V measurements. Using three-dimensional simulation software, we have calculated dC/dV spectra for various tip geometries and have found that the nanoscale tip structure influences dC/dV spectra strongly, while the macroscopic shape has a much smaller influence on the dC/dV spectra. Thus, caution must be exercised in comparison of individual dC/dV spectra obtained over periods during which the probe tip geometry might have changed. We have analyzed these effects in detail and assessed their influence on the extraction of parameters such as threshold voltage, layer thickness, doping concentrations, and information about trap states in nitride HFETs and other electronic device structures.
I. INTRODUCTION
Scanning capacitance microscopy ͑SCM͒ in combination with scanning capacitance spectroscopy ͑SCS͒ has been used extensively for nanometer-to submicron-scale characterization of electronic structure in semiconductors. Notable applications have included two-dimensional dopant profiling on Si-based device structures [1] [2] [3] and imaging of local electronic properties in group III-nitride heterostructure field-effect transistors ͑HFETs͒. 4, 5 In SCS a bias voltage, consisting of a high frequency ac bias V ac added to a slowly varying dc bias ramp V dc , is applied between the sample and a conductive probe tip, and dC/dV versus V dc spectra are recorded as a function probe position. While qualitative interpretation of SCM images and SCS spectra is in many instances well understood, quantitative interpretation of SCM results requires careful analysis of, among other factors, the role of the probe tip. 6, 7 Thus far, only limited studies on the detailed effects of the probe tip geometry on the dC/dV spectra have been reported. For instance, blunt tips often result from scanning for long periods of time over which the tip shows increasing wear. Based on limited simulation of a round versus a flat tip with a radius of curvature of 35 nm, it has been reported that the SCM signal is affected significantly as the tip changes from round to flat shape. 7 In addition, it has been reported that dC/dV spectra cannot be described with a simple parallel plate capacitor model due to the effect of the fringing fields and that two-dimensional electrostatic simulations are required to calculate dC/dV spectra for a fixed tip size and shape. 8 In this article, we describe in detail the SCS technique, discuss the direct comparison of SCS spectra with standard, large-area capacitance-voltage ͑C-V͒ measurements, and provide a detailed analysis of the effects of the probe tip geometry and an assessment of their influence on the extraction of parameters such as threshold voltage, doping concentrations, layer thickness, and information about trap states in nitride HFETs and other electronic device structures.
II. SCANNING CAPACITANCE SPECTROSCOPY
SCM is performed in an atomic-force microscope 9 with an ultrahigh frequency resonant capacitance sensor connected to a grounded probe tip via a transmission line, which is attached to an oscillator and sensing circuit and tuned near its resonance frequency of about 900 MHz. When the tip is brought into contact with a sample, a shift in resonance frequency ⌬ f occurs due to the resulting tip-sample capacitive load C on the transmission line, 10 and a sensor output voltage V so , which is given by
where c is a constant, is measured. 11 The tip-sample capacitance C can be probed in the usual manner by modulating carriers in the sample with a sample bias containing ac and dc components, V s ϭV dc ϩV ac sin( ac t). It is generally assumed that the resonance frequency shift ⌬ f and thus the measured sensor output voltage is proportional to the derivative dC/dV of the tip-sample capacitance at a given dc bias V dc . A quadrature lock-in amplifier can then be used to measure the capacitance sensor output with a high signal-tonoise ratio.
10 Two reference signals, sin( ac tϩ) and cos( ac tϩ) are used, where is the base offset between a͒ Electronic mail: ety@ece.ucsd.edu the reference signals and the bias applied to the sample. In polarity mode, 10 the output voltage of the capacitance sensor is measured with respect to the reference signal sin( ac t ϩ) and is given by
It is thus necessary to optimize the phase offset between the reference signal and the sample bias in this mode of operation to obtain the maximum output voltage. To avoid this problem, it is possible to measure the output voltage with respect to each reference signal and calculate its magnitude as follows:
͑3͒
This mode of operation is referred to as magnitude mode, 10 and the resulting capacitance sensor output voltage is independent of the phase shift between the reference signals and the applied bias. The modulation of the resonant frequency ⌬ f arising from the ac component of the sample bias voltage ⌬V s ϭV ac sin( ac t) can then be calculated using a first-order Taylor series approximation for V s near V dc , as follows:
where f d is the drive frequency and ␥( f ,C)Ϸ␥ 0 is the frequency sensitivity, 11 which is approximately constant and equal to 0.5 for f ϭ f d and for small changes in C. For operation in magnitude mode, we finally obtain using Eqs. ͑1͒ and ͑3͒:
This analysis confirms that the measured frequency shift and thus the measured change in sensor output voltage is proportional to the derivative dC/dV of the tip-sample capacitance at a given dc bias V dc . This has implications for measurements of C-V curves ranging from depletion to accumulation or inversion, which will be discussed in Sec. III.
III. THEORETICAL MODELING AND COMPARISON WITH EXPERIMENT
A. Parallel-plate capacitor model
As mentioned in Sec. I, dC/dV spectra obtained in SCM cannot be accurately described using a simple parallel-plate capacitor model because of the importance of fringing fields at small tip-sample contact areas. 8 This effect is illustrated in Fig. 1 , in which a comparison is shown of a standard large-area C-V measurement with a dC/dV spectrum obtained in SCM, both measured on an Al x Ga 1Ϫx N/GaN HFET structure. 4 The large-area C-V curve, shown in Fig. 1͑a͒ as a solid line, was obtained with an ac bias of 250 mV at a frequency of 100 kHz and with an In Schotty contact ϳ500 mϫ500 m in size. The dC/dV spectrum, shown in Fig.  1͑b͒ as a dashed line, was obtained in a SCM with a CoCr probe tip and an ac bias of 250 mV at a frequency of 100 kHz. To enable direct comparison of these measurements, either an integration of the dC/dV spectrum, indicated by the various dashed or dotted lines in Fig. 1͑a͒ , or a differentiation of the large-area C-V curve with respect to V, shown in Fig. 1͑b͒ by the solid line, is necessary. It is apparent from Fig. 1 that curves obtained via integration of the measured dC/dV spectrum are characterized by a much broader transition than that exhibited by the measured large-area C-V curve, and that the peak of the dC/dV spectrum in Fig. 1͑b͒ is broader than that for the differentiated large-area C-V curve. The difference between the large-scale and small-scale mea-FIG. 1. ͑a͒ Plots of a C-V characteristic measured for a large-area Schottky contact and of C-V curves obtained via integration of a local dC/V spectrum, measured by scanning capacitance spectroscopy, for different integration constants. ͑b͒ Corresponding dC/dV curves showing the influence of the tip area. The dC/dV curves are normalized to the peak area, i.e., to the accumulation capacitance in ͑a͒.
surements is a result of the strong dependence of the depletion depth on the tip-sample contact area, as described in detail in Sec. III B. These results show clearly that it is essential to take the tip size and shape into account, which we have done using numerical simulations of the electrostatic potential. The studies described in Sec. III B extend considerably beyond those previously reported, [6] [7] [8] 12 which generally do not consider the precise influence of the nanoscale tip shape on the dC/dV spectra.
An additional difficulty arises in the comparison between large-area C-V measurements and local dC/dV spectra. Since the derivatives of the capacitance in depletion and accumulation/inversion are nearly zero, integration of the dC/dV curve will not yield the ratio between depletion and accumulation/inversion capacitance, or the depletion, accumulation, or inversion capacitance itself. The depletion capacitance is given by the integration constant and cannot be obtained directly from the dC/dV data. The effect of this integration constant on the C-V curves obtained by integration is shown in Fig. 1͑a͒ for different assumptions of the ratio between depletion capacitance C d and accumulation capacitance C a . As one can see, the shape of the C-V curves depends strongly on the assumed depletion capacitance. It is therefore necessary either to obtain additional information about the depletion or accumulation capacitance in order to fit model C-V curves to integrated experimental dC/dV spectra, or to simulate dC/dV spectra directly for a specific sample structure and tip shape.
B. Numerical simulations
Using commercial three-dimensional device simulation software, 13 we have calculated dC/dV spectra for an Al 0.26 Ga 0.74 N/GaN HFET epitaxial layer structure, taking into account several possible variations in tip geometry. Spectra were obtained by numerical solutions of Poisson's equation in cylindrical coordinates, with the tip shape defined by the radius of curvature r tip , a characteristic angle of bluntness defined as the angle up to which the tip remains flat and is in direct contact with the sample, and the side angle as shown in a schematic drawing for the simulated structure in Fig. 2 . The tip radius of curvature and bluntness angle quantify the nanoscale structure of the tip apex, and the side angle describes the macroscopic structure of probe tips typically employed in SCM. Thus, the simulated tip geometries do not correspond exactly to actual probe tip structures, but are reasonable approximations and allow the simulation of the most influential geometric factors on the dC/dV spectra. The simulated sample structure, which corresponds to an actual sample for which experimental SCS data are shown in Fig. 1 . Fixed polarization charges at the Al 0.26 Ga 0.74 N/GaN interface and at the Al 0.26 Ga 0.74 N surface are simulated by heavily doped 4 and 2 Å thick layers next to the interface and surface, respectively. The dopant concentration in the interface polarization charge layer is chosen such that, if multiplied by the layer thickness of 4 Å, the equivalent of the theoretically predicted polarization charge 14 is obtained. The dopant concentration in the surface polarization charge layer is chosen such that the experimentally measured two-dimensional electron gas electron concentration at zero bias and the threshold voltage for a large-area Ni Schottky contact are approximately reproduced. A work function of 4.9 V is assumed for the tip metal to simulate a Co/Cr tip, which is commonly used in SCM. The tip shape and size are characterized by a tip radius of curvature ranging from 30 to 90 nm, side angles ranging from 15°to 25°, and various degrees of tip bluntness ranging from 5°to 40°. The lower limit of 30 nm for the tip radius of curvature is chosen since it corresponds to an actual apex radius r a ϭr tip sin of ϳ3-20 nm for the simulated range of bluntness and is thus comparable to sharp probe tips employed in SCM and SCS. The upper limits of r tip ϭ90 nm and ϭ40°correspond to an actual apex radius of 60 nm and represent a blunt tip. The side ohmic contact is simulated by an Al layer with a work function of 4.1 V, placed on top of the GaN layer as shown in Fig. 2. C-V curves are derived   FIG. 2 . Schematic diagram of the simulated tip shape and sample structure. The tip is characterized by the radius of curvature r tip , the side angle , and the bluntness , which is given by the angle up to which the tip apex remains flat. The tip-sample contact area is given approximately by A Ϸ(r tip sin ) 2 .
FIG . 3 . ͑a͒ Simulated C-V curves and ͑b͒ corresponding dC/dV spectra for tip radii of curvature ranging from 30 to 90 nm in steps of 10 nm. As the radius of curvature increases, the difference between accumulation and depletion capacitance, and thus the peak height in the dC/dV spectra, increases.
using an ac tip bias of 250 mV amplitude at a frequency of 100 kHz to simulate typical conditions in SCM measurements. From these C-V curves, dC/dV spectra are calculated by differentiation. Figure 3 shows simulated C-V curves and the corresponding dC/dV spectra as a function of tip radius of curvature r tip for a side angle of 20°and bluntness angle of 20°. As the tip radius of curvature increases, the difference between the accumulation capacitance and the depletion capacitance increases. This has a very pronounced effect on the dC/dV spectra as seen in Fig. 3͑b͒ . The peak height and position are strongly dependent on the tip size. Figure 4 shows plots of the accumulation and depletion capacitances C a and C d , respectively, as a function of tip radius of curvature. The dashed line represents a fit to the accumulation capacitance of the form C a fit ϭaϩb r tip 2 , with aϭ10.7 aF and bϭ0.0038 aF/nm 2 . It is expected that the accumulation capacitance is proportional to the tip-sample contact area A, which is approximately given by AϷ(r tip sin ) 2 for a tip radius of curvature r tip and an angle of bluntness of . The accumulation capacitance should therefore be given approximately by C a Ϸ0.022 aF/nm 2 r tip 2 . This is in good agreement with the form of the fitted curve aside from the constant offset, which is a result of the fringing fields extending from the side of the probe tip. This shows that the accumulation capacitance scales with the tip-sample contact area as expected. On the other hand, the plot of the depletion capacitance normalized to the accumulation capacitance, and thus to the contact area, shows that the normalized depletion capacitance does not scale with contact area and decreases with increasing tip radius of curvature. This is a result of increasing depletion depth with increasing contact area, as shown in Fig. 5 . As the tip-sample contact area increases, the depletion radius remains approximately equal to the tip-sample contact area radius; however, the depletion depth increases and thus the depletion capacitance decreases. This results in a large difference between C a and C d , and thus in a large peak height in the dC/dV spectra. The increase in peak height allows a higher resolution in the dC/dV signal, but this is offset by a decrease in lateral resolution due to the increase in tipsample contact area.
To assess the influence of the contact area in more detail, we simulated the behavior of tips with varying degrees of bluntness. The dependence of the simulated dC/dV spectra on tip radius of curvature and bluntness angle is shown in Fig. 6͑a͒ . The lower portions of the simulated tip geometries are shown in Fig. 6͑b͒ . As the tip becomes more blunt the area of tip effectively increases, causing the dC/dV peak height to increase as well. The bluntness effect is largest for small tip radius of curvature, as expected based on the preceding discussion of the relative importance of the fringing fields and the increase in depletion depth with increasing contact area. Thus, caution must be exercised in comparison of individual dC/dV spectra obtained over periods during which the probe tip geometry might have changed.
We have also assessed the influence of the macroscopic structure of the tip, as quantified by the side angle of the tip, on dC/dV spectra shown in Fig. 2 . Simulated dC/dV spectra for side angles of 15°, 20°, and 25°are shown in Fig. 7 . It is apparent from the figure that the side angle has a much smaller influence on the dC/dV spectra than the nanoscale tip structure, i.e., the radius of curvature and bluntness.
A comparison of a simulated dC/dV spectrum for a tip with a radius of curvature of 30 nm, a bluntness angle of 40°, and a side angle of 20°with the measured dC/dV curve from Fig. 1 is shown in Fig. 8 . The overall shape of the measured dC/dV spectrum is reproduced fairly well for the simulated tip geometry.
The numerical simulations demonstrate that the nanoscale tip structure, characterized by tip radius of curvature and bluntness, influences dC/dV spectra strongly, while the macroscopic shape, given by the side angle, has a much smaller influence on the dC/dV spectra. This has significant implications for the feasibility of quantitative extraction of parameters such as threshold voltage, layer thickness, and dopant concentrations, and of detailed information about trap states in nitride HFETs and other electronic device structures.
In the case of an Al x Ga 1Ϫx N/GaN HFET epitaxial layer structure, if the tip radius of curvature and tip bluntness are unknown, it is difficult to extract precise quantitative values for the Al x Ga 1Ϫx N thickness or the dopant concentration in the GaN layer from dC/dV spectra. A change in Al x Ga 1Ϫx N layer thickness would result in a change in accumulation capacitance, while a change in GaN dopant concentration would affect the depletion capacitance. Both parameters would thus change the relative difference between accumulation and depletion capacitance and thus affect the slope in the C-V curve and therefore the peak height in the dC/dV spectrum. Similar situations can occur in characterization of other electronic device structures, for instance, in dopant profiling of Si structures, where the dC/dV peak height varies by approximately a factor of 2 for a tip apex radius of 50 nm over a doping range from 10 15 to 19 19 cm Ϫ3 . 12 Larger changes in peak height can occur if the tip geometry changes. To extract the correct doping, it would be necessary to fit the experimental data with simulated dC/dV curves using an accurate description of the tip geometry. If the nanoscale tip structure is not well known, large errors in extracting layer thicknesses or dopant concentrations can occur while fitting experimental data with simulated curves.
Although it is difficult to determine the exact nanoscale tip structure for a given measurement, there are methods to circumvent the above problems. The tip shape might be obtained by deconvolution of topographic images of a sample with a known geometry. In order to obtain information about the nanoscale tip structure, the exact nanoscale structure of the sample must be known. Additional information about the tip shape can be obtained in the following manner. Calibration samples with well-defined and well-characterized layer thicknesses and dopant concentrations, and a low density of trap states to avoid additional changes in the dC/dV spectra, could be used to obtain an approximate tip shape by fitting simulated dC/dV spectra for a set of possible tip shapes to dC/dV data recorded on the calibration sample. While this method has been demonstrated successfully for Si dopant profiling, 15 it is more difficult to obtain good calibration samples in the Al x Ga 1Ϫx N/GaN system due to higher densities of trap states that can affect dC/dV spectra significantly. To be able to use this approach, measurements on the calibration sample should be performed before and after the actual experiment to check if the tip shape has changed in the course of the experiment.
The analysis of trap states can be subject to difficulties similar to those described above for extraction of layer thickness and dopant concentration. Trap states can lead to changes in depletion and accumulation capacitance, and in general affect the slope of the C-V curve, leading to changes in peak height, width, and position in dC/dV spectra. As in the determination of layer thickness and dopant concentration, obtaining quantitative information about trap states by fitting simulated dC/dV curves to experimental data is possible, but requires a detailed knowledge of the tip geometry.
IV. CONCLUSIONS
We have presented a detailed analysis of the scanning capacitance spectroscopy technique for measurements of dC/dV spectra. The extremely small probe tip size ͑typical apex radius ϳ10-30 nm͒ in SCS measurements makes a detailed analysis incorporating tip-shape effects essential in comparisons of dC/dV spectra with standard, large-area C-V measurements. Using three-dimensional simulation tools, we have calculated dC/dV spectra for various tip geometries by numerically solving Poisson's equation in cylindrical coordinates, with the tip shape parametrized in terms of the radius of curvature, a characteristic bluntness, i.e., the angle up to which the tip remains flat and is in direct contact with the sample, and the side angle. It is found that the nanoscale tip structure, characterized by tip radius of curvature and bluntness, influences dC/dV spectra strongly, while the macroscopic shape, given by the side angle, has a much smaller influence on the dC/dV spectra. Thus, caution must be exercised in comparison of individual dC/dV spectra obtained over periods during which the probe tip geometry might have changed. We have analyzed these effects in detail and assessed their influence on the precise quantitative extraction of parameters such as threshold voltage, doping concentrations, layer thickness, and information about trap states in nitride HFETs and other electronic device structures. Large errors in the extraction of these parameters can occur if the detailed tip geometry is unknown, and simulated curves are fitted to experimental data. To avoid these problems, calibration samples should be used to extract an approximate tip geometry.
